This study investigated the possibility that sublethal food preservation stresses (high or low temperature and osmotic and pH stress) can lead to changes in the nature and scale of antibiotic resistance (ABR) expressed by three food-related pathogens (Escherichia coli, Salmonella enterica serovar Typhimurium, and Staphylococcus aureus). The study found that some sublethal stresses significantly altered antibiotic resistance. Incubation at sublethal high temperature (45°C) decreased ABR. Incubation under increased salt (>4.5%) or reduced pH (<5.0) conditions increased ABR. Some of the pathogens continued to express higher levels of ABR after removal of stress, suggesting that in some cases the applied sublethal stress had induced stable increases in ABR. These results indicate that increased use of bacteriostatic (sublethal), rather than bactericidal (lethal), food preservation systems may be contributing to the development and dissemination of ABR among important food-borne pathogens.
Environmental stress can be defined as an external factor that has an adverse effect on the physiological welfare of bacterial cells, leading to reduction in growth rate, or in more extreme circumstances, to inhibition and/or death, at individual cell or population levels. Examples of such bacteriostatic or bactericidal stresses include extremes of temperature, pH, osmotic pressure, depletion of nutrients (6) , and the presence of toxic or inhibitory compounds, including antibiotics (26) . Many modern food preservation processes aim to extend the lag phase of bacteria present in food by the application of one or more environmental stresses to slow or prevent bacterial growth. However, absence of growth does not necessarily mean absence of metabolic and/or genetic activity, and stress-inhibited bacteria act to reduce the impact of environmental stresses by making phenotypic and genotypic adaptations (34) . Examples of phenotypic alteration include expression of protective shock proteins, which provide resistance to subsequent challenge with the same stress (stress hardening) (31) and can also lead to cross-protection against a range of apparently unrelated challenges, including resistance to antibiotics (5, 18, 31, 36) . Genotypic alterations include stress-induced genetic plasticity where microorganisms increase their rates of random mutagenesis and intra-and intercellular transfer of genes (16, 36) . These alterations increase population diversity, increasing the chances that at least some cells may survive and grow under the conditions of stress.
It is currently believed that bacterial cells sense the actions of antibiotics as just another form of environmental stress (26) and that sublethal concentrations of antibiotics induce stress hardening (8) and cross-protection (15) . Conversely environmental stresses can induce resistance to antibiotics by a range of means.
Many environmental stresses, including detergents, organic solvents, dyes, food components, preservatives, and antibiotics, induce the mar (multiple antibiotic resistance) operon. This operon (3) regulates the expression of a large number of genes, including those coding for at least one broad-specificity efflux pump (the arcAB efflux pump) (30) , which are more strongly expressed under conditions of environmental stress (23) . This suggests a direct linkage between environmental stresses, such as those occurring in foods and the domestic environment (3), efflux pump expression, and the development of antibiotic resistance (ABR) (12, 14, 30) .
Other mechanisms that have been associated with the development or expression of ABR include expression of specialized bacterial proteins, transfer of plasmids, or generation of genetic variability through mutation. Bishop et al. (7) indicated that the expression of bacterial lipocalin, a protein implicated in the adaptation of bacterial cells to environmental stress and the dissemination of ABR genes, is regulated by high osmolarity and starvation. The bacterial lipocalin gene (blc) is carried on multiple antibiotic resistance plasmids in some genes in Enterobacteriaceae, rendering them capable of transfer between and within bacterial species (21) . As well as encouraging plasmid transfer, environmental stress can modulate plasmid numbers, enhancing resistance due to higher plasmid copy numbers. Such increases induce a range of protective responses, including expression of bactericidal exoproteins to suppress the growth of competing bacteria, and mutagenesis, including the induction of the SOS response (26, 36) .
Under nonstress conditions, DNA repair systems operate very efficiently to sustain population homogeneity with strict genetic conservation and fidelity. Rates of expression of classical mutations are low, only occurring when random genetic errors evade the DNA repair systems (11) . Under adverse (stress) conditions, population homogeneity is less desirable and consistency in DNA replication is not as important. In fact, some reduction in consistency may be essential to produce a more heterogeneous population, some members of which possess the new genes or gene combinations to better survive the adverse conditions. This process has been described as adaptive or directed mutation. The mechanisms underlying adaptive/directed mutation include stress-induced errors during DNA synthesis, suppression of normal DNA repair checking and repair mechanisms, transient hypermutability, gene amplification, and stress-induced recombination processes (26) .
Environmental stresses such as oxidative stress, pH extremes, anaerobiosis, heat shock, osmotic shock, and starvation are reported to induce genomic reorganization or mutation (16) in bacterial cells, and such mechanisms of adaptive mutation have been associated with the development of ABR (11) .
The aim of this work was to determine if environmental stresses of the types typically used in food preservation influence the development or expression of antibiotic resistance in food-related pathogens.
MATERIALS AND METHODS

Organisms.
Wild-type strains of Salmonella enterica serovar Typhimurium DT 104 (n ϭ 4) were isolated by the Northern Ireland Public Health Laboratory Service from raw mussels (st11 and st12), chicken (st16), and egg mix/fried rice (st17). Escherichia coli wild-type strains (n ϭ 4), and Staphylococcus aureus (n ϭ 4) were isolated from surface swabs taken from commercial food kitchens. Escherichia coli strains were isolated and identified to the species level using Chromocult coliform agar (Merck). Identification was confirmed using API 20E (Bio Merieux). Staphylococcus aureus strains were isolated on Baird Parker agar (Oxoid), and presumptive colonies were confirmed using the coagulase test (Dryspot Staphytect Plus; Oxoid) and API Staph (bioMerieux).
Determination of sublethal stress (NaCl, pH, high and low temperature). Each wild-type strain of S. enterica serovar Typhimurium (st11, st12, st16, and st17), E. coli (ec1, ec2, ec3, and ec5), and S. aureus (sa3, sa4, sa5, and sa6) was subcultured into Mueller-Hinton broth (MHB; Oxoid) at 37°C for 17 h. This medium has been recommended for the culture and assessment of antibiotic resistance in stressed bacteria (10) . Cells were harvested by centrifugation (8,000 ϫ g for 10 min) and washed twice in sterile Ringer's solution (Oxoid). The washed cells were resuspended and diluted in Ringer's solution to form standard inocula with an optical density at 600 nm (OD 600 ) of 0.1 (Ϸ10 8 CFU/ml). Duplicate aliquots of MHB (20 ml) were (i) supplemented with NaCl (BDH; Analar) to final concentrations of 3%, 4%, 4.5%, 5%, 5.5%, 6%, 12%, and 13% (wt/vol) (MHB NaCl ) (control, 0% additional NaCl); (ii) acidified with concen- NaCl or acid-supplemented suspensions were incubated at 37°C for 24 h or until no increase was in observed in OD readings. High-temperature and lowtemperature suspensions were incubated at the temperatures indicated until no increase was in observed in OD readings. The optical density of each culture was determined at 600 nm. The sublethal stress level was determined as the NaCl concentration, pH, or temperature at which a 75% reduction in OD 600 of stressed cultures was observed compared to that of the control cultures indicated.
Preparation of sublethal environmental stress broth cultures. Duplicate MHB aliquots (100 ml) were supplemented with NaCl to 4.5% or 12% (wt/vol); acidified with HCl to pH values of 5.0, 4.5, or 4.0; or preincubated at 10°C, 21°C, or 45°C to achieve selected sublethal environmental stress conditions. These aliquots, plus NaCl, pH, and temperature control samples as indicated above, were inoculated with the standard inocula (described above) as indicated in Table 1 .
Stressed and control cultures were incubated until no increases in OD readings were recorded. Ten-milliliter aliquots of each culture were aseptically removed. Cells were harvested by centrifugation (8,000 ϫ g for 10 min) and washed twice with sterile Ringer's solution (Oxoid). The washed cells were resuspended and diluted in Ringer's solution to form a standardized cell suspension (stressed and control cultures) of 10 5 to 10 6 CFU/ml approximately. Determination of antibiotic susceptibility. (i) MIC determination with antibiotic stock solutions. Antibiotics (Sigma-Aldrich) were dissolved as per the manufacturer's recommendations to the following concentrations in MHB: amikacin, 60 and 40 g/ml; ceftriaxone, 6 and 4 g/ml; nalidixic acid, 60 and 40 g/ml; gentamicin, 80 and 60 g/ml; oxacillin, 8 and 6 g/ml; erythromycin, 16 and 12 g/ml; and trimethoprim, 6 and 4 g/ml. Stock solutions were stored at Ϫ20°C and used within 5 days. Stock solutions were used to determine MICs for each standardized stressed and control cell suspension as indicated in Table 2 .
(ii) MIC determination matrices. Unsupplemented MIC determination matrices were created as follows. Serial twofold dilutions of each antibiotic stock solution were prepared in MHB in sterile 96-well microdilution plates (Sarstedt; 12 columns by 8 rows) by the method of Jörgensen and Ferraro (17) , thus allowing 12 columns of 7 twofold dilutions of each antibiotic per 96-well plate. The eighth well in each column contained MHB to form a sterility control and plate reader blank.
Stress-supplemented MIC (SSMIC) determination matrices were prepared in an identical manner, except that the MHB diluent was supplemented with NaCl or HCl to achieve the same conditions as those used in the initial preparation of the stressed cell suspensions: i.e., low pH (5.0, 4.5, or 4.0) and high NaCl concentration (4.5% or 12%).
Estimation of antibiotic susceptibility. (i) Maintained stress conditions. The antibiotic susceptibilities of standardized stressed and control cell suspensions were estimated under maintained stress conditions using the SSMIC determination matrices. Each standardized stressed-cell suspension (10 l) was inoculated in triplicate into antibiotic dilution series in SSMIC determination matrices as indicated in Table 2 . NaCl-and HCl-supplemented (SSMIC) plates were incubated in a humidified chamber at 37°C for 24 h before being read at 660 nm and examined using a Titertek Plus plate reader (ICN Biomedicals Ltd.). In each case, the MIC was determined as the lowest concentration of antibiotic at which the OD 660 reading was Ͻ0.1. Maintenance of thermal stress was achieved by incubating MHB MIC matrices at stress temperatures (i.e., 10°C, 21°C, or 45°C) before and after inoculation with standardized stressed and control suspensions.
(ii) Poststress conditions and control (nonstress) conditions. Antibiotic susceptibility under poststress conditions and control (nonstress) conditions was estimated using the unsupplemented MIC determination matrices as follows. Each standardized stressed-cell suspension or control cell suspension (10 l) was inoculated in triplicate into antibiotic dilution series in MIC determination matrices as indicated in Table 2 . MIC plates were incubated in a humidified chamber at 37°C for 24 h as described above.
Modification of the Stokes method to determine the presence of hyperresistant subpopulations. Each stressed standardized cell suspension was applied to one-half of the surface of a Mueller-Hinton agar plate (Oxoid; 20 ml) using a sterile swab (two plates per sample). The corresponding control standardized cell suspension was applied to the other half of the same agar plate in the same manner. The plates were allowed to equilibrate at room temperature for 15 min prior to the application of the appropriate antimicrobial susceptibility disc to the center of the agar plate. E. coli suspensions were tested using discs containing 30 g amikacin, 30 g ceftriaxone, and 5 g trimethoprim. S. enterica serovar S. aureus cells were tested with discs containing 5 g erythromycin, 10 g gentamicin, and 5 g oxacillin. (All antimicrobial susceptibility discs were purchased from Oxoid.) The plates were incubated at 37°C for 17 to 24 h. Plates were then examined for the development of zones of inhibition in each lawn growth around the central disc. Plates were also examined for the presence of hyperresistant colonies-isolated colonies that grew within the general zone of inhibition surrounding each disc. Such colonies were subcultured onto Mueller-Hinton agar, and confirmed as the inoculated species by appropriate biochemical tests. The MIC of standardized cell suspensions derived from such colonies was determined by the previously described 96-well broth microdilution method. Statistical analysis. All MICs were determined in triplicate on three separate occasions. These data were analyzed as recommended for discrete values (2, 19) . In addition, the presence or absence of significant differences (P Ͻ 0.05) between control and test data was examined by Mann-Whitney U analysis using SPSS 11.0.
RESULTS
The MICs of the antibiotics used against Escherichia coli, Salmonella enterica serovar Typhimurium, and Staphylococcus aureus before (control), during the application of, or after the removal of thermal, high-salt, and low-pH stresses were determined using the 96-well microdilution method and are shown in Tables 3 to 8 . Statistically significant differences (P Ͻ 0.05) were established between control and treatment data using the appropriate median, mode, and Mann-Whitney U analysis.
Under conditions of continuing low-temperature stress, E. coli, S. enterica serovar Typhimurium, and S. aureus suspensions had lower MICs (of each of the three antibiotics used against each species) than unstressed control suspensions of these organisms (Tables 3, 4 , and 5). The MICs for post-lowtemperature-stressed suspensions of E. coli were similar to those observed in unstressed control suspensions (Table 6 ). Poststressed S. enterica serovar Typhimurium suspensions had lower MICs of ceftriaxone and trimethoprim than unstressed control suspensions (Table 7) . Poststressed S. aureus suspensions had lower MICs of oxacillin; however, the MICs of gentamicin and erythromycin were similar to those observed in the unstressed control suspensions (Table 8) .
Under conditions of continuing high-temperature stress, the MICs of the antibiotics applied to each species (i.e., E. coli, S. enterica serovar Typhimurium, and S. aureus) were lower than the MICs for (control) unstressed organisms (Tables 3 to 5 ).
The MICs of post-high-temperature-stressed suspensions of S. aureus were lower than the MICs of their unstressed control suspensions (Table 8 ). The MICs of post-high-temperature-stressed S. enterica serovar Typhimurium suspensions were similar to the MICs of the unstressed controls (Table 7) . Under such conditions, high-temperature-stressed E. coli suspensions exhibited a similar response to ceftriaxone and nalidixic acid. However, under conditions of post-high-temperature stress, E. coli suspensions had an amikacin MIC that was lower than the MIC for the unstressed control (Table 6) .
Under conditions of continuing high-salt or low-pH stress, the MICs of the antibiotic applied to each species were higher than the MICs for the unstressed control suspensions (Tables  3 to 5 ). Post-NaCl-or -acid-stressed E. coli suspensions had higher MICs of amikacin, ceftriaxone, and nalidixic acid than control suspensions (in many cases a greater than fourfold increase was observed) ( Table 6 ).
Post-NaCl or post-acid-stressed S. aureus suspensions had higher MICs of gentamicin and erythromycin than control suspensions (Table 8) .
Post-NaCl or post-acid-stressed S. enterica serovar Typhimurium suspensions had MICs that were similar to or less than those recorded for control suspensions (Table 7) .
Modified Stokes method. The Stokes method did not demonstrate significant differences in zone sizes between test and control suspensions under any of the applied stresses or stress combinations. This method did, however, allow the observa- n ϭ 9) . Median values are given in parentheses. b ϩ, 1.5-to 2-fold increase in MIC (P Ͻ 0.05); ϩϩ, 2.1-to 4-fold increase in MIC (P Ͻ 0.05); ϩϩϩ, greater than 4-fold increase in MIC (P Ͻ 0.05); Ϫ, 1.5-to 2-fold decrease in MIC (P Ͻ 0.05); ϪϪ, 2.1-to 4-fold decrease in MIC (P Ͻ 0.05); ϪϪϪ, greater than 4-fold decrease in MIC (P Ͻ 0.05); 0, no change (P Ͼ 0.05). . Median values are given in parentheses. b ϩ, 1.5-to 2-fold increase in MIC (P Ͻ 0.05); ϩϩ, 2.1-to 4-fold increase in IC (P Ͻ 0.05); ϩϩϩ, greater than 4-fold increase in MIC (P Ͻ 0.05); Ϫ, 1.5-to 2-fold decrease in MIC (P Ͻ 0.05); ϪϪ, 2.1-to 4-fold decrease in MIC (P Ͻ 0.05); ϪϪϪ, greater than 4-fold decrease in MIC (P Ͻ 0.05); 0, no change (P Ͼ 0.05).
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on April 3, 2015 by guest http://aem.asm.org/ Downloaded from tion and recovery of hyperresistant clones (i.e., colonies developing within the main zones of inhibition around the antibiotic disc), in a number of bacterium-stress-antibiotic combinations ( Table 9 ). Some of these hyperresistant colonies occurred close to the antibiotic disc, suggesting that these colonies contained exceptionally resistant clones. The development of hyperresistant colonies was observed in all three species, but not all antibiotic-stress combinations. Such resistant clones were only recovered from treatments involving low-pH or high-NaCl stress. Of 25 sample clones randomly recovered for further analysis, 14 reverted to control MIC levels during subculture in the absence of environmental stress. However, the other 11 hyperresistant isolates continued to display higher MICs during repeated subculture (daily subculture for 72 h) in the absence of the sublethal environmental stress. Examples of the stable differences between parent strains and stress-induced stable hyperresistant mutants (SHRMs) for each of the species examined are presented in Table 10 .
DISCUSSION
Antibiotic susceptibility in E. coli, S. enterica serovar Typhimurium, and S. aureus increased when these organisms were subjected to temperature stresses. A similar response has been reported in Stenotrophomonas spp. grown under high-temperature stress (29) . Such increased susceptibility was maintained in post-high-temperature-stressed S. aureus cultures and postlow-temperature-stressed S. enterica serovar Typhimurium cultures. However, increased antibiotic susceptibility was not maintained in E. coli cultures when high-or low-temperature stress was removed or in S. enterica serovar Typhimurium and S. aureus cultures on removal of high-and low-temperature stresses, respectively.
These temporary changes may be due to transient alterations in the composition of the bacterial cell membranes or cell wall. Alterations in environmental temperature adversely change membrane fluidity, leading bacteria to make compensatory alterations in the degree of saturation of membrane fatty acids (4, 20, 27, 28) to reestablish ideal states of membrane fluidity. Loss of ideal states of membrane fluidity may have an impact on membrane receptor and signaling activities, reducing the rates and efficacy of binding of antibiotics (29, 35) and their import or export through bacterial membranes (27) . On their return to optimum temperature conditions (i.e., removal of temperature stress), bacteria may rebalance the degree of saturation of membrane fatty acids (4, 20, 27, 28) to nonstress conditions, reestablishing optimum membrane structure and function, with a concomitant return to previously observed rates of ABR binding, import, and export. However, further work will be required to elucidate the processes by which thermal stress can induce persistent increases in antibiotic susceptibility. This study has, however, established significant differences between the patterns of changes in susceptibility induced by thermal stress and the patterns induced by pH and NaCl stresses.
In the presence of sublethal low-pH or high-NaCl stress, S. aureus, E. coli, and S. enterica serovar Typhimurium displayed decreased susceptibility to antibiotics, with greater than fourfold increases in MIC observed in many cases. Significantly, such decreased susceptibility was maintained by E. coli and S. aureus (but not S. enterica serovar Typhimurium) after the stress was removed.
Viewing the MIC results in isolation does not allow identification of the possible mechanism underlying such reductions in susceptibility. The application of the modified Stokes method allowed the identification of clones growing close to the antibiotic disc, within the zone of "general" inhibition. Such SHRMs were observed in S. aureus, E. coli, and S. enterica serovar Typhimurium subjected to low-pH and highNaCl stress, but not in any of these organisms subjected to Mode MIC (n ϭ 9) . Median values are given in parentheses. b ϩ, 1.5-to 2-fold increase in MIC (P Ͻ 0.05); ϩϩ, 2.1-to 4-fold increase in MIC (P Ͻ 0.05); ϩϩϩ, greater than 4-fold increase in MIC (P Ͻ 0.05); Ϫ, 1.5-to 2-fold decrease in MIC (P Ͻ 0.05); ϪϪ, 2.1-to 4-fold decrease in MIC (P Ͻ 0.05); ϪϪϪ, greater than 4-fold decrease in MIC (P Ͻ 0.05); 0, no change (P Ͼ 0.05). 1  2  3  5  1 2  3 5  1  2  3  5  1  2  3  5  1  2  3  5 Amikacin 20 (20) 15 (15) 20 (15) 10 ( high-or low-temperature stress. These observations suggest that any observed increases in MICs could be a stress response involving the whole population or the selection and outgrowth of a subpopulation of hyperresistant clones. In most cases, those stress systems which displayed hyperresistant colonies did not display significant changes in zone size. This observation demonstrates that stand-alone MIC analyses will not differentiate between changes in "whole-population resistance" and the outgrowth of small numbers of hyperresistant forms.
The mechanisms contributing to such stable whole-population resistance and hyperresistant clone formation may be due to long-term genotypic changes such as the following. (i) One change might be point mutations, which are known to lead to inactivation of target sites for antibiotic binding (21) , leading to antibiotic inefficiency. (ii) A second change might be hypermutability: growth conditions affect bacterial mutation rate, generating heterogeneous populations with increased spontaneous mutation rates (hypermutable strains) and thus clones which may survive the stressful environmental conditions (25) . Such hypermutable pseudomonad strains have been reported forming colonies within the zone of inhibition surrounding antibiotic discs (24) . (iii) A third change might be adaptive or directed mutations. Adverse bacterial growth conditions have been reported to affect or increase the mutation rate (25, 31) .
Temporary decreases in antibiotic susceptibility were also observed in sublethal low-pH and high-NaCl suspensions. Salmonella enterica serovar Typhimurium suspensions had decreased antibiotic susceptibility in the presence of the selective pressure (low pH or high NaCl); such decreased susceptibility was not maintained on removal of the stress. This transitory decrease in antibiotic susceptibility was also found in a proportion of S. aureus, E. coli, and S. enterica serovar Typhimurium hyperresistant colonies. The mechanisms contributing to transient decreases in antibiotic susceptibility may be one of many short-term phenotypic changes, such as the following: (i) down-regulation of cell wall binding sites, (ii) gene amplification, and (iii) induction of shock protein. For the first mechanism, bacteria respond to environmental stresses (increased osmotic pressure, acid stress) by down-regulation of cell wall proteins such as penicillin binding proteins, reducing their sensitivity to and increasing their ability to survive in higher concentrations of antibiotic (9, 13, 32, 37) . Such proteins may be up-regulated on removal of the environmental stress. With regard to gene amplification, decreases in antibiotic susceptibility been reported in bacteria grown in sublethal concentrations of antibiotic (1, 33) , where the resultant hyperresistant phenotypes had increased copy numbers of antibiotic resistance genes. These hyperresistant phenotypes were unstable, and the basal susceptibility level was recovered on removal of the antibiotic from the medium. Finally, induction of shock proteins during acid and osmotic stress may provide crossprotection against the antibiotics used (5, 18, 22, 31, 36) . Such proteins may be down-regulated on removal of the environmental stress, reversing this response.
Such transient stress responses are less likely to be of significance in the overall development and dissemination of antibiotic resistance, because the observed temporary decreases in susceptibility are unlikely to persist in consumed food to influence "in vivo" host-pathogen interactions. However, they reemphasize the extent to which global bacterial stress response to adverse environmental conditions can trigger crossprotection against seemingly unrelated challenges.
The stable or transitory nature of decreased antibiotic susceptibility in stressed pathogens such as S. aureus, E. coli, and S. enterica serovar Typhimurium indicates the importance of comprehensive susceptibility testing, where the subculturing and repeat susceptibility testing of hyperresistant colonies (20) would provide a more accurate determination of antibiotic resistance.
Conclusion. This study demonstrates that some common food preservation processes (i.e., those which employ low pH or high NaCl to prevent or reduce pathogen growth rate) can lead to the development of populations or subpopulations of pathogens with decreased susceptibility to a range of currently used antibiotics. Such decreases in antibiotic susceptibility are maintained as long as the food preservation stress is maintained, and in some cases, even after the food preservation stress is removed, contributing to temporary or persistent ABR in all or part of the stressed bacterial population. This suggests that the increased use of bacteriostatic, rather than bactericidal, food preservation systems may be contributing to the development and dissemination of ABR among important food-related pathogens. 
